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ABSTRACT
Kilauea and Mauna Loa, Hawaii's two active shield volcanoes, are composed of tholeiitic basalt having MgO contents ranging from more than 20 percent to less than 4 percent. Most eruptive vents are located either within the central caldera or on two rift zones extending to the east and southwest from each volcano's summit. Mauna Loa also has a few isolated vents on its northwest slope that are apparently unrelated to any rift zone. The chemical variability of Mauna Loa and Kilauea lava having more than about 6.8 percent MgO is principally explained by addition or removal of olivine (olivine control), but other minerals are involved to a lesser degree. The chemical variability of these lavas is described and interpreted in this paper. Lavas having less than 6.8 percent MgO are fractionated by separation of pyroxene, plagioclase, and Fe-Ti oxides in addition to olivine. Fractionated basalt from Kilauea is confined to the rift zones. The rare fractionated lavas from Mauna Loa are also confined to the rift zones and are less fractionated (higher MgO) than those from Kilauea.
The chemistry of nonfractionated lava from single eruptions of Kilauea may be explained by olivine control alone, and this process is consistent with the observation that olivine is the only true phenocryst in unfractionated Kilauea lavas. The chemistry of nonfractionated lava from single eruptions of Mauna Loa can be explained by a more complex mineral control involving olivine, hypersthene, augite, and plagioclase, all being commonly present as phenocrysts. The addition or removal of these minerals is inferred to take place at pressures not exceeding 2 kilobars in shallow magma reservoirs located beneath the two volcanoes.
The chemistry of Mauna Loa lavas shows no correlation with either the time of eruption or location of the eruptive vents. By contrast the lavas erupted at Kilauea summit may be subdivided into three groups pre-1750, 18th-19th century , and 20th century on the basis of their chemical composition compared at the same MgO content. The younger lavas are richer in lower melting constituents; for example, K2O, PaOs, and TiOa. The average composition of Mauna Loa lavas is similar to what one would obtain by extrapolating the Kilauea chemical variation backwards in time. It is possible that the oldest unexposed Kilauea lavas would be similar in composition to Mauna Loa lava. The similarity in the ratio of K20:P2Os both within the lavas of each volcano and between the two volcanoes suggests that Kilauea and Mauna Loa originated by partial melting in a mantle of uniform composition and that no processes other than either melting or crystal-liquid fractionation are needed to explain the chemical variations.
The increase in KzO and PzOs in the more recent Kilauea eruptions suggests that the magma which supplies Kilauea eruptions has been fractionating. The time-related chemical variation can be expressed by two mineral assemblages: (1) olivine-orthopyroxene-plagioclase (An eo-es) where the ratio of orthopyroxene to plagioclase equals 2:1 and (2) olivinealuminous orthopyroxene-aluminous and jadeitic clinopyroxene where the ratio of orthopyroxene to clinopyroxene equals 2:1. Both assemblages indicate relatively high pressure fractionation. Neither of the calculated mineral assemblages is of basalt at high pressure, and it may be that the magmas entirely consistent with recent studies on the crystallization have undergone more than one stage of fractionation.
A model is proposed for the origin of Kilauea which embodies the following points: 1. Generation by partial melting of picritic magmas (20) (21) (22) (23) (24) (25) percent MgO) at depths of greater than 60 kilometers. 2. High-pressure fractionation of these magmas during relatively slow ascent to a storage region at 20-30 km depth. 3. Minor fractionation during storage followed by rapid as
INTRODUCTION
Kilauea and Mauna Loa are two active shield volcanoes on the island of Hawaii ( fig. 1 ), which rise to heights above sea level of 1,260 and 4,200 meters, respectively. The undersea part of each volcano is probably composed of overlapping pillow lavas separated by a thin layer of hyaloclastic material from a subaerial section composed of countless thin flows of rather uniform tholeiitic basalt (Moore and Fiske, 1969) . At least 10,000 years of geologic time are represented by the section visible above sea level (Rubin and Berthold, 1961 ; see also Doell and Cox, 1965) . Each volcano has erupted lava from its summit and two rift zones. Mauna Loa, in addition, has a number of isolated vents on its northwest slope that are apparently unconnected with any rift zone. The Ninole Hills, on the southeast slope of Mauna Loa, are made of faulted and eroded lavas that have been considered by previous workers to be FIGURE 1. Index map showing the five volcanoes that make up the Island of Hawaii. Contour interval, 2,000 feet. Stippled area, underlain chiefly by lava flows from Mauna Loa; hatched area, underlain chiefly by lava flows from Kilauea. part of the oldest series of exposed lavas erupted from Mauna Loa. The general characteristics of Mauna Loa eruptions are similar to those of Kilauea, judging from published descriptions. The frequency of eruption at each volcano has been similar throughout historic time, and the volume of magma erupted from Mauna Loa is approximately equal to that erupted from Kilauea over the same period. Stearns and Macdonald (1946, p. 131-136 ) have summarized the ideas of previous observers on the relative ages of Kilauea and Mauna Loa. Their own conclusions, based on field observations, are that Kilauea and Mauna Loa are independent volcanoes, that all lavas exposed in section on the Kilauea shield were erupted from Kilauea, and that the Kilauea shield is younger than the bulk of the Mauna Loa shield.
Petrologic study of Kilauea complements recent geophysical and ground deformation studies which have provided information on the structure of Kilauea Volcano and its mechanism of eruptions. (For example, see Fiske and Koyanagi, 1968; Fiske and Kinoshita, 1969; Kinoshita and others, 1969.) Petrologic interpretation is aided by the extensive knowledge of basaltic crystallization gained from study of the recent lava lakes of Kilauea (Richter and Moore, 1966; Peck and others, 1966; Wright and Weiblen, 1968) ; there is no comparable knowledge for Mauna Loa. This paper uses chemical analyses, many of which are previously unpublished, of historic (1750-present; see tables 1 and 2) and prehistoric lavas of both volcanoes to characterize the chemical composition of flows from the summit and rift zones and to develop the following topics:
1. The chemical variation in both time and space of Mauna Loa lava and how it contrasts with the chemical variation in time and space of Kilauea lava. 2. Possible explanations of the chemical differences between Kilauea lavas of different age.
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DEFINITIONS AND TERMINOLOGY
Petrologic terminology related to basaltic rocks often carries multiple meanings, so that the following explanations of terms which recur frequently in this report are made to avoid confusion.
THOLEIITE
The term "tholeiite" as used in this report embraces both the definitions of tholeiite (oversaturated) and olivine tholeiite (undersaturated) used by Yoder and Tilley (1962, p. 353-354 Stearns and Macdonald (1946, table, p. 79) . Additional data for the eruptions of 1949 and 1950 are from Finch and Macdonald (1951, 1953 . 1 Includes only lava above sea level. Estimates of lava erupted undersea are given by Stearns and Macdonald (1946, footnotes to table, p. 79 ) and by Finch and Macdonald (1953; 1950 eruption only). v A. Powers (oral commun., 1967; see also Peterson, 1967 1894--1911-24 . 1918-. 1919 1919-20--. 1921 -1922 1923------. 1924----.---. 1924--__. --_. 1927--.-.---. 1929---.-----. 1929--1930----.--. 1931--------. 1934.-. ___-._. 1952-. -.__--. 1954-----. 1955--------. 1959------. I960-------. 1961------. 1961----. 1962 . 1963 . . 1963 --. 1965 _-._-. 1965 . 1967-__-----_. 1968 -1968 . 1969 . 1969---. ._-Nov. 14-. 
MINERAL CONTROL LINES
A control line is defined by linear variation of the chemical analyses of a suite of rocks plotted on an oxide-oxide plot. If a single-mineral species of limited compositional range is controlling the chemical variation, then it is a necessary but not sufficient condition that the control line extrapolate to the composition of that mineral plotted on the same oxide-oxide diagram. The sufficient condition for single-mineral control is that the control lines on all possible oxide-oxide plots for a given suite of rocks extrapolate to the composition of a single mineral. If the mineral controlling the chemical trends is of variable composition, then the trends will be curved rather than linear. If more than one mineral controls the chemical variation, unique control lines will be defined only if the weight ratios among the minerals removed or added to produce the chemical variation are identical for all the lavas defining the control lines. In general, this situation does not exist, so that it is rarely possible to define quantitatively a multimineral control. However, the sense in which deviations occur from lines that define dominantly a single-mineral control may indicate which additional mineral species is causing the chemical variation.
OLIVINE-CONTROLLED AND DIFFERENTIATED BASALT
Olivine control is a specific type of mineral control (see preceding definition). The best documented example of olivine control on lava compositions was described by Murata and Richter (1966a, b) for the 1959 eruption of Kilauea Iki. Wright and Fiske (1971) were able to characterize as olivine-controlled lavas all those erupted at the summit of Kilauea and, in general, all Kilauea lavas whose compositions fall within the range of observed summit lava compositions. They found, empirically, that these olivine-controlled lavas all have 6.8 percent or more MgO; associated lavas having less than 6.8 percent MgO invariably plot well off the extensions of olivine control lines extrapolated to lower MgO contents. These data suggest that 6.8 percent is the minimum MgO content of a liquid which can crystallize only olivine for this suite of rocks; liquids of less than 6.8 percent MgO must have crystallized silicate phase (s) in addition to olivine, and thus their compositions cannot fall on olivine control lines.1 For lavas erupted from Mauna Loa, a value of 6.8 percent MgO also separates olivine-controlled rocks from those whose compositions cannot be explained by simple addition or removal of olivine. Thus, in this paper, lavas from both volcanoes having less than 6.8 percent MgO are defined as differentiated.
While olivine-controlled lavas of Kilauea and Mauna Loa all have more than 6.8 percent MgO, Hawaiian tholeiitic basalts having more than 6.8 percent MgO can result from processes other than olivine control. Wright and Fiske (1971) , for example, describe hybrid lavas in which MgO is greater than 6.8 percent, but such rocks are quite distinct chemically from olivine-controlled lavas having comparable MgO contents.
PREVIOUS WORK
The lavas of Kilauea and Mauna Loa have been recognized as tholeiitic basalts for decades. Cross (1915) summarized early analyses of Kilauea lavas in a normative classification, but he did not further interpret the data. Washington (1923a, b) reported new analyses and petrographic descriptions of Kilauea and Mauna Loa lavas, from which he classified the lavas into three types which would now be called olivine-poor basalt, olivine basalt, and picrite. He also noted the similarity in compositions of Kilauea and Mauna Loa lavas compared with those of lavas from other Hawaiian volcanoes. Powers (1935) dealt briefly with the petrographic character of Kilauea and Mauna Loa lavas, but Macdonald (1949a, b) was the first investigator to describe systematically the lavas of both volcanoes. Both Powers and Macdonald recognized the common presence of olivine as phenocrysts in contrast to the rarity of clinopyroxene phenocrysts. Macdonald pointed out 1 This empirical observation agrees well with the experimental work of Tilley and his co-workers. (See Thompson and Tilley, 1969 , for a recent summary.) They show that clinopyroxene appears when the ratio of (FeO + FeaOs) to <MgO + FeO + Fe2O3 ) in the liquid is about 0.625. Kilauea and Mauna lavas in which MgO is 6.8 percent have a ratio of about 0.620. that hypersthene is common in the lavas of Mauna Loa but nearly lacking in the lavas of Kilauea, and he noted that chemical analyses of rocks from the two volcanoes are very similar, although subtle yet systematic compositional differences might be substantiated as new analyses are reported ( Macdonald, 1949a, p. 72) . Powers (1955) made an important contribution to understanding the petrogenesis of lavas from Kilauea and Mauna Loa when he recognized that (1) the general chemistry of rocks from each volcano could be explained by differences in olivine content, and (2) systematic chemical differences, particularly in Si02 and CaO, exist between the historic lavas of Kilauea and the historic lavas of Mauna Loa. Powers concluded that chemically distinctive lavas, both historic and prehistoric, formed from separate "batches" of magma. presented new analyses of the contemporaneous 1868 eruptions of Kilauea and Mauna Loa which confirmed Powers' observation on the lime-silica differences. They also showed that, on a CaO-Si02 diagram, a straight line separates hypersthene-bearing basalts (principally from Mauna Loa) from hypersthene-free basalts (principally from Kilauea). Other papers by Tilley (1960a, b; gave further definition to the hypersthene-bearing basalts and also treated the mechanism of magmatic differentiation at Kilauea. Aramaki and Moore (1969) supported Powers' (1955) concept of separate batches of magma by proposing that the Kilauea lavas change composition with time in a more or less cyclical manner to explain observed changes in the ratio of K:Na with time.
Recently, Jamieson (1970) has discussed lowpressure fractionation of Kilauea and Mauna Loa lavas from a phase-equilibrium standpoint, and Murata (1970) has proposed a partial-melting model for the origin of Kilauea and Mauna Loa magmas.
METHODS OF STUDY SAMPLING
Samples were collected from nearly all historic lava flows from both Kilauea and Mauna Loa for which chemical analyses were not already available. Unaltered glassy pumice or spatter clots from source vents were collected where possible, because (1) they show most accurately the relations between preeruptive phenocryst minerals and magma and (2) the Fe203 :FeO ratio of such samples is probably closest to the value which was characteristic of the magma prior to eruption. Samples also were collected from many of the freshest and most readily identified prehistoric vents on both Kilauea and Mauna Loa and from the walls of Kilauea caldera, Makaopuhi Crater (Kilauea), and Mokuaweoweo caldera (Mauna Loa).
The localities at which I collected samples are located on topographic maps (U.S. Geol. Survey 7^-min quad, ser.) by latitude and longitude (to the nearest minute) and elevation (table 23) . Most localities for historic eruptions are shown on the geologic map of the Island of Hawaii (Stearns and Macdonald, 1946) and are identified by the date of the lava flow. More recent geologic maps which include flows sampled in this study are of the Kilauea Crater quadrangle (Peterson, 1967) , Kau Desert quadrangle (Walker, 1969) , and the Mauna Loa quadrangle (Macdonald, 1971) . Unless otherwise noted, the samples were taken from mapped source vents or cones or from roadcuts. Additional information is given for other samples. The localities of samples taken from the walls of pit craters and calderas, or from the active lava lake in Halemaumau, are self-explanatory. Information on samples not collected by the author is contained in published references which are given in table 23. In the course of this study, it was found that a few lava flows from Mauna Loa either are not identified or are mismapped on the geologic map of Hawaii (Stearns and Macdonald, 1946) , the topographic sheets, or both. Evidence for these errors was initially obtained from study of high-altitude aerial photographs taken in 1954 and from helicopter and ground traverses of flows. Additional evidence was provided from chemical analyses. In all such situations, sufficient information is given in table 23 to enable re-collection at the same locality. Table 23 lists samples of lavas from Kilauea and Mauna Loa which are cited in this paper and for which new analyses are given. Table 24 gives references to published analyses, some of which are included in this paper. All lavas considered in this study were analyzed in the Denver rock analysis laboratory of the U.S. Geological Survey under the direction of L. C. Peck Wright and Doherty (1970) . The operation of this program is similar to a computer program described by Bryan, Finger, and Chayes (1969) and by Chayes (1968 Chromite-bearing olivine is the only phenocryst mineral in most Kilauea lavas. Commonly the lavas contain more than 15 percent modal olivine and are properly termed picrites or oceanites (Macdonald, 1949a) . A few lavas contain more than 30 percent modal olivine. Lavas with low magnesia content may contain scarce phenocrysts of plagioclase and even scarcer phenocrysts of augite in addition to olivine. Hypersthene is not a phenocryst mineral in olivine-controlled lavas, but hypersthene phenocrysts are found in some differentiated lavas (Wright and Fiske, 1971) , and hypersthene also occurs as a late crystallizing mineral in thick lava flows and intrusive bodies (Evans and Moore, 1968; Murata and Richter, 1961) .
CHEMICAL ANALYSES
The three historic flows erupted in 1823, 1868, and 1919-20 from the southwest rift zone are unusual in having glomeroporphyritic clots of intergrown olivine, augite, and plagioclase. This texture is particularly well developed in the flows of 1823 and 1868. A similar texture also has been observed in lava from the later part of the 1967-68 eruption in Halemaumau lava lake (Kinoshita and others, 1969) . The 1968 samples in which this texture was observed are from slow-moving flows that developed where the lava, which had been stored within the lake, oozed to the surface through cracks in the previously solidifed crust. Thus this texture can be attributed to cooling of the melt at shallow depth (that is, within the lake) prior to eruption to the surface. By analogy, the glomeroporphyritic clots in the 1823, 1868, and 1919-20 lavas may also have been caused by cooling and crystallization while stored within either the rift zone or shallow summit magma reservoir prior to eruption on the rift.
The groundmass of Kilauea flows consists of pigmented glass, augite, pigeonite, plagioclase, magnetite, ilmenite, and apatite. Olivine is often partly resorbed in crystallized flows. Olivine and clinopyroxene are zoned from magnesian cores to more iron-rich rims, and plagioclase shows increasing NaoO: CaO ratios toward the outer parts of the crystals.
OBSERVATIONS
CHEMISTRY
Analyses of lavas from Kilauea are given in tables 4 through 6 and are plotted in figures 3 to 6 on MgO variation diagrams after-normalization to 100 percent dry weight. "FeO" is total-iron expressed as the sum of FeO and 0.9 Fe203, calculated after normalization of the analyses. The chemical data are 
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Within the three time-groupings, lava chemistry can be compared as a function of vent location. The chemistry of prehistoric lavas erupted at the summit and on the southwest rift zone is sufficiently similar (figs. 3 and 4) that an unambiguous correlation of composition with eruptive vents is not possible. Likewise, historic lavas erupted in the same time span at Kilauea summit and from the southwest rift zone proper have a similar chemistry (figs. 3, 4, and 6). The Hilina-Pali-Kilauea caldera prehistoric lavas and the lavas of the 1959 eruption ( fig. 3 ) are close to the extremes of the time-related chemical variation in olivine-controlled Kilauea lavas.
The relations observed for the southwest rift lavas do not hold for the east rift lavas. Some lavas of prehistoric age and all but two of the historic lavas may be chemically distinguished from lavas erupted at the summit and on the southwest rift zone within the same general time span (Aramaki and Moore, 1969; Wright and Fiske, 1971) . The chemistry of east rift lavas is controlled by a complicated differentiation pattern superimposed on the time-related chemical changes. This differentiation pattern is described and interpreted in a separate paper (Wright and Fiske, 1971) .
DIFFERENTIATED LAVAS
The composition of typical differentiated lavas from Kilauea is described elsewhere (Wright and Fiske, 1971) . Two additional lavas, one of prehistoric and one of historic age (table 4, analysis  57F-18, and table 5, analysis , fit the definition of differentiated lava for the present study (MgO is less than 6.8 percent). is an exceptionally glassy sample of the 1868 eruption; its chemical composition is related to that of a more normal porphyritic sample of the same eruption by removal of the observed phenocryst assemblage olivine-augite-plagioclase. 57F-18 has a peculiar Total-.. ------. Microphenocrysts :4
Hypersthene.
Total. ----.---. Glass 4 -- 3 Chemical analysis given in table 9. 4 Modal counting was subdivided as follows: Phenocrysts: Euhedral crystals generally in excess of 1 mm in the longest dimension chemistry that cannot be ascribed to processes of either fractionation or mixing of magmas as described by Wright and Fiske (1917) . Its origin remains problematical.
MAUNA LOA OLIVINE-CONTROLLED LAVAS PETROGRAPHY
Olivine is commonly the dominant phenocryst mineral in lavas from Mauna Loa, and, like Kilauea, modal olivine ranges from trace amounts to more than 30 percent. In contrast to Kilauea, phenocrysts of olivine are generally accompanied by phenocrysts of hypersthene, augite, and plagioclase. Such lavas are especially common on the southwest rift zone. Some glassy samples also contain quench (?) crystals of pigeonite distinguished by a low optic angle, extreme undulatory extinction, and acicular habit. The rims of pyroxene and plagioclase phenocrysts tend to be strongly zoned toward more iron-rich and more sodic compositions, respectively. Modal data for selected porphyritic flows other than picrites are summarized in table 7.
The groundmass of Mauna Loa flows consists of pigmented glass, augite, pigeonite, plagioclase, magnetite, ilmenite, and apatite. Olivine shows irregular, embayed borders against the groundmass. Hypersthene phenocrysts are invariably rimmed by augite (Muir and Long, 1965) , even in rapidly which can be inferred to be present in the magma chamber prior to eruption to the surface. Microphenocrysts: Euhedral crystals smaller than 1 mm in largest dimension which may have grown during ascent of magma to the surface. Glass: Transparent, isotropic quenched liquid. Quench: Fine skeletal or fibrous microlites that are presumed to have formed during cooling after extrusion on the surface.
quenched glassy samples, and hyersthene is not found as a constituent of the groundmass.
CHEMISTRY
Chemical analyses of olivine-controlled Mauna Loa lavas are given in tables 8 through 12 and are plotted in figures 7 through 10 according to age and location on the volcano.
The Mauna Loa analyses define control lines whose slopes are similar to those defined by analyses of lava suites from Kilauea. MgO also covers approximately the same range as Kilauea, from under 46 . 43 . 41 . 43 . 42 . 43 .37 . 40 . 05 . 39 . 05 .14 . 03 . 05 . 03 . 25 . 28 . 23 . 23 . 24 .25 . 16 . 18 . 17 . 16 . 17 .17 . 04 . 01 . 01 . 02 . 00 .04 . 00 . 01 . Chemical analyses (table 12) of lavas from the Ninole Hills are plotted in figure 10 . The Ninole lavas are within themselves extremely variable and are chemically distinct from, and older than, the lavas mapped elsewhere on Mauna Loa.2 On the average the Ninole lavas differ from the younger lavas of Mauna Loa in having lower SiO2, higher A12O3, higher "FeO," lower K20, and higher TiO2. Na2O, CaO, and P2O5 are similar. The Ninole lavas may represent remnants of a separate volcano older than Mauna Loa. 
DIFFERENTIATED LAVAS
The compositions of differentiated lavas from Mauna Loa are shown in table 13 and plotted in and 1950) barely plot off the extension of olivine control lines for the other historic lavas with which they are associated. The submarine sample (9) has a composition more nearly like that of typical Kifigure 11. The historic differentiates (1843, 1926 , lauea differentiates. Figure 2 shows that the lavas of Mauna Loa may be distinguished by their chemistry from any of the lavas of Kilauea. Furthermore, the data indicate that the trend in chemical change (relative to constant MgO or to the position of olivine control lines) between the lavas of Mauna Loa and the prehistoric lavas of Kilauea is similar to that which distinguishes Kilauea's prehistoric lavas from its 20th century lavas. In other words, the extrapolation of the time-related chemical variation of Kilauea lavas backwards in time is toward the average composition of Mauna Loa lavas, as is illustrated in table 14.
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DISCUSSION
The following sections aim to explain the observed chemical variation of Kilauea and Mauna Loa in terms of specific petrologic processes. A striking feature of the chemistry of both volcanoes is the uniformity of the ratio K20:P205. Anderson and Greenland (1969) have discussed the behavior of P205 in basaltic melts, and the same principles apply to K20 in Hawaiian tholeittes. Both oxides are strongly partitioned to the melt until late crystallization of apatite and potassium-rich feldspar. The uniformity of their ratio suggests (1) melting from a mantle of uniform composition with respect to these elements and (2) subsequent crystal-liquid fractionation (or differences in initial degree of melting) as the dominant processes by which magma compositions are determined.
Other processes have been tested and rejected. The process of mixing of magmas, which is important in explaining the composition of Kilauea rift eruptions (Wright and Fiske, 1971 ), appears to be 06 . 00 . 00 .38
1 Because Cr2Os was not separately determined in the rock analyses, all Cr2Os has been converted to equivalent AhOs. True percentages are CrzOs, 43.5; AhOs, 13.4.
Olivine--__--_----.--_-.__Faio-------------Stoichiometric composition based
on minor element data for Hawaiian olivines (Murata and others, 1965) . 
Plagioclase, from analyses in Deer, Howie, and Zussman (1963) : However, hypersthene always occurs with equal or greater amounts of plagioclase and augite phenocrysts, so that a preponderance of hypersthene in a fractionation calculation is again taken as a suggestion of a higher pressure event. At higher pressures, melting is taken to be the reverse of fractionation as far as the calculations are concerned. Space-time relations of the lavas suggest whether a fractionation (cooling) or melting event is more likely. Figure 2 shows control lines for some major suites of Kilauea and Mauna Loa lavas plotted together with minerals that might control the observed chemical variation both within and between suites of different lavas. The projection of these control lines shows that addition or removal of olivine is the dominant process explaining the lava chemistry, a conclusion reached by Powers (1955) on the basis of many fewer analytical data. One can ask to what extent the control lines deviate from perfect olivine control and attempt to explain these deviations in a quantitative fashion. The most thoroughly described example of olivine control is the 1959 eruption of Kilauea, for which Murata and Richter (1966b, (Wright and Fiske, 1971, table 4a ) and a prehistoric pahoehoe flow unit from the southwest rift (Walker, 1969; this paper, There are no individual eruptions of Mauna Loa that have as great a range of olivine content as those described from Kilauea. The overall chemical variation, however, is clearly dominated by olivine control. The calculation using the average Mauna Loa control lines (table 3) is also shown in table 16. Olivine control is inferred to be a shallow process on the basis of the positive correlation between MgO content of a lava and its observed percentage of olivine phenocrysts. Presumably, each subchamber of the shallow reservoir complex inferred to underlie both Kilauea and Mauna Loa is stratified with an olivine-rich lower part and an olivine-poor upper part. The MgO content of a lava then depends on what level or levels of the chamber were tapped.
OLIVINE-CONTROLLED CHEMICAL VARIATION IN KILAUEA AND MAUNA LOA LAVAS
OLIVINE-PYROXENE-PLAGIOCLASE CONTROL OF MAUNA LOA LAVA COMPOSITIONS
The occurrence of phenocrysts of hypersthene, augite, and plagioclase in Mauna Loa lavas suggests the possibility of a more complex shallow fractionation than the olivine control demonstrated for Kilauea eruptions. This possibility was studied by selecting pairs of Mauna Loa lavas that showed large opposed deviations from the set of average control lines computed for all historic lavas (table  3) and by calculating differences in chemical composition in terms of the observed phenocryst assemblage. Equations of the following form were solved (Wright and Doherty, 1970 The results show that minerals in addition to olivine are necessary to balance the chemical differences. The signs of the solution values indicate whether the mineral is relatively enriched (+) or depleted ( ) in the sample with higher MgO. The low residuals in the calculations indicate that the chemical differences between lavas can be satisfactorily expressed in terms of minerals present as phenocrysts. However, the observed compositions are probably not simply a result of removal or addition of the mineral assemblage present in the porphyritic lavas. The total amount of calculated silicates other than olivine (5-10 percent, table 17) exceeds by a factor of 2 the observed phenocryst percentages, and augite is a relatively more important component of the observed phenocryst assemblages (table 7) . Residuals for K20, Na20, and Ti02 tend to exceed the expected analytical error of the rock analyses and are not significantly affected by changing the mineral compositions. It is possible that processes other than shallow crystal-liquid fractionation have contributed to the chemical variation of these Mauna Loa lavas. 
See footnote at end of table.
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CHEMISTRY OF KILAUEA AND MAUNA LOA LAVA IN SPACE AND TIME 
Note. Solution ' (weight percent) : . 01 .02 .00
Note. Solution i (weight percent): The differentiated lavas of Mauna Loa have been studied by calculations similar to those outlined above. Lava A is taken as a parent with greater than 7 percent MgO; lava B is the differentiate, and ilmenite is added to the list of possible minerals participating in the fractionation process. Table 18 shows the computed amounts of minerals removed from an assumed parent composition to produce the 1843, 1950, and submarine differentiates whose compositions are given in table 13. The two differentiates of historic age can be produced by removal of about 5-15 percent of silicates other than olivine. The prehistoric sample 9 is more strongly differentiated, and the calculations show that 38 percent of silicates in addition to olivine are necessary to produce its composition. The silicates in this case are more iron-rich, as would be expected for a greater degree of fractionation. Removal of iron-titanium oxides is not indicated for any of the differentiates, in contrast to most of the Kilauea differentiates (Wright and Fiske, 1971) . Presumably the mechanism for differentiation of these lavas is separation of phenocrysts during flow in conduits, similar to the . See tables 9 and 13.
4 The minerals that must be removed from the parent composition to yield the composition of the differentiate. Only silicate minerals are tabulated because in no case were the residuals significantly reduced by inclusion of either ilmenite or titanium-rich magnetite.
5 Olivine composition derived using Faio and Faso. e Hypersthene and augite are MP218HYP and MP218AUG ( differentiation mechanism inferred for some Kilauea rift lavas (Wright and Fiske, 1971 ).
HIGH-PRESSURE FRACTIONATION OF KILAUEA LAVA
Perhaps the most difficult problem of Kilauea chemistry is to explain the differences in composition of lavas erupted at Kilauea summit. Two kinds of chemical variation are recognized: (1) Shortterm variation in which each summit eruption has a chemical composition distinct from that of every other summit eruption, and (2) a long-term variation defined by the average composition of lavas erupted at different periods in the volcano's history (table 14) . The explanation for these chemical variations is crucial to an understanding of the history of Kilauea magma from the time of initial melting to its appearance in the reservoir complex 2-4 km beneath Kilauea summit.
The composition of Mauna Loa lavas (which has not apparently changed composition over the same time interval as the changes of Kilauea lava composition) is chemically an end member to the Kilauea long-term variation (table 14) . This observation suggests that the unexposed (submarine) section of Kilauea lavas might have a composition similar to that of present-day Mauna Loa lava.
The chemical differences among Kilauea summit lavas are not explainable by olivine control. The chemical differences in SiO2 and CaO tend to be opposed, suggesting that orthopyroxene is an important fractionating phase. This in turn indicates a high-pressure origin for the chemical differences, and the calculations below are arranged to show various possibilities for high-pressure fractionation.
LONG-TERM CHEMICAL VARIATION
The younger lavas of Kilauea are richer in lowmelting constituents (K20, P205, Ti02 ), and this observation leads me to favor some kind of postmelting fractionation model to explain the chemical variation.5 The calculations that follow are based on such a fractionation model.
The compositions given in table 14 are obviously too poor in magnesia to represent mantle-generated magmas. Murata and Richter (1966a) have analyzed glass from the highest temperature eruptive phase of the 1959 eruption of Kilauea and found it to have 10 percent MgO. The bulk composition of that same eruption is somewhat higher than 15 percent MgO (table 4) , and this is considered by the author to represent a reasonable average composition (magma -f contained olivine) of magma supplied to the 2-to 4-km-deep reservoir. Thus the initial Kilauea magmas must have had at least 15 percent MgO. Another approach to initial magma composition arises from application of the hypothesis of Jackson and Wright (1970) to the effect that dunite is the refractory residue after melting of tholeiite. On this hypothesis the bulk composition of the mantle underlying Hawaii should lie on control lines connecting tholeiite and dunite. The composition and a calculated mode of a "Mauna Loa" mantle with 35 percent MgO is given in table 19. Hornblende is used as the potash-bearing phase although similar relations hold if phlogopite is used instead or in addition to hornblende. Cr203 is assumed to be concentrated entirely in spinel, and Ti02, in rutile. Bulk pyroxene composition is calculated from the following five end members: MgSi03, FeSiO; <, CaSi03, NaAlSi206 (jadeite), and A1203 (Tschermak's components). Actual mantle pyroxenes would contain small amounts of Cr2O3 and TiO,2, but these do not significantly affect the calculation of magma compositions. Pyroxene compositions are calculated on the basis of tie line orientations similar to those in coexisting pyroxenes from Hawaiian xenoliths ( Beeson and Jackson 1970; M. H. Beeson, unpub. data) . The minimum MgO content of tholeiite, assuming all phases except oli vine are melted, is 15-20 percent MgO, depending on the composition of olivine used in the calculation . The mantle calculated in table 19 would yield a tholeiite with a minimum MgO of 19 percent. Since olivine must be melted along with other components-, a magma with 25 percent MgO is considered reasonable, and this has been used as a parent in the calculations. There is no evidence that the average MgO (or potential and actual olivine content) of Kilauea magma supplied to the shallow reservoir has changed as a result of any fractionation process; that is, the incidence of picritic eruptions seems quite as high in the present as any estimates that could be made for earlier lava sections. This also implies that fractionation processes begin with quite MgO-rich magmas and occur at pressures sufficiently high to stabilize other phases with olivine at high liquidus temperatures.
Magma compositions used in the fractionation calculations are shown in table 20. The compositions were constructed from those given in table 14 (PHKILCAL, Kilauea caldera prehistoric; 1959 S-2) and table 4 (1952Hm, 1967 ) by adding olivine (Fa i:j . T ) containing 1 percent included Crspinel. The younger magmas contain less Si02 and more CaO relative to MgO than the prehistoric parent, which suggests that orthopyroxene is an important phase in the fractionation. However, A1203 decreases slightly and Na2O remains the same in the younger lavas, which suggests that one or more phases rich in A120?, and Na20 must also be important. A simple mineralogy that fits the chemical fractionation is olivine-orthopyroxene-plagioclase (Anr)(,. 6.-,) . This assemblage would be limited by the upper stability limit of plagioclase to 10 kb or less (Green and Ringwood, 1967, Ito and Kennedy, 1968 Irvine (1969) has analyzed the contrasting cumulate sequences from different layered intrusives. Orthopyroxene-plagioclase cumulates do exist, as for example in the Stillwater Complex (Jackson, 1969) , but only in rocks with higher A1203 than either Kilauea or Mauna Loa. The projections of Jamieson (1970) and the experimental work of Green and Ringwood on compositions similar to but slightly more aluminous than Kilauea indicate that orthopyroxene and clinopyroxene are favored relative to plagioclase at elevated pressures making it highly unlikely that a clinopyroxene-poor fractionation could occur.
If plagioclase is not a possible major phase in the assemblage, then the Na20 and A1203 must be concentrated in ferromagnesian minerals. A1203 can re- 85 . 19 .18 .19 1967-68Hm (20 percent MgO) 47.00 9.21 11.88 20.00 7.64 1. 56 .37 1. 79 . 18 .19 .20 side in Cr203-poor spinel, aluminous pyroxenes, or garnet. Na20 is restricted to a jadeitic clinopyroxene. (Ito and Kennedy, 1968 , figs. 1 and 2). As they stand, these calculations are not completely consistent because the bulk Na20 and A1203 of the fractionating clinopyroxene exceeds that of the clinopyroxene in PHKILCAL. Presumably with falling temperature the reverse should be true. The A1203 relations might be modified by consideration of Cr203 and Ti02 in pyroxene or by changing the Al:Cr ratio of the spinel, but the Na,20 could only be reversed by making the earlier clinopyroxenes more calcic than the bulk clinopyroxene. The latter would imply both that the CaO in clinopyroxene was decreasing during fractionation and that the ratio orthopyroxene: clinopyroxene was increasing during fractionation, neither of which should occur with falling temperature.
I conclude that there is no single-stage fractionation process that will explain the observed chemical variation. There remains the possibility of a multistage process in which pyroxenes with lower Na20 and A1203 than those shown in table 22 are fractionated at high pressure and are joined by a small A. Results with olivine-spinel-orthopyroxene-clinopyroxene-plagiodase Parent. --._-.----.....-.-..................... Fractionated phases : ... ......................... . ............. PHKILCAL (25 percent MgO) . -----------_ 1952Hm (20 percent MgO) ---..-_------17.26 ..... ...... .36 _._____._._ 5.35 -------------4 . 04 -.01 -.01 .01
Calculated composition of pyroxenes amount of plagioclase as the magma moves to lower pressure. This process would require a virtually isothermal ascent of magma from the uppermost mantle to the 3-km-deep reservoir in order to move from a field in which plagioclase was stable (at say 8 kb) to the conditions at a depth of 3 km where the magmas lie within the field of olivine just above the stability field of Clinopyroxene and plagioclase. (See, for example, Green and Ringwood, 1967, fig. 4, or Ito and Kennedy, 1968, figs. 1 and 2.) SHORT TERM CHEMICAL VARIATION In a previous paper (Wright and Fiske, 1971, app. 2) , it is shown that lava from each of the recent (1952 to 1967-68) MgO MgO FIGURE 12. Mg-O variation diagrams showing Kilauea summit lavas 1952 -68. A, 1952 A. 1954 Halemaumau and Kilauea caldera floor; Q, 1959 Kilauea Iki all samples from the eruption correspond to a mixture of S-l, S-2, and olivine (Fai3.2-ie.8) ; , 1961 Halemaumau; X, 1967-68 Halemaumau. Each eruption may be distinguished chemically from every other eruption on one or more of the variation diagrams.
and the necessity for accumulation or removal of hypersthene indicate that these chemical variations are produced at pressures in excess of 2 kb prior to storage of magma in the shallow reservoir complex beneath Kilauea summit. I suggest that these batches are a result of high-pressure fractionation processes similar to those described for the longterm variation and that each batch is produced along a different pressure-temperature-time path in the upper mantle; that is, the original melt is considered to move upward in the mantle along paths where both the rate of cooling and velocity of ascent (equals rate of change of pressure) are variable, and this determines the amount and kind of phases that are fractionated.
MODEL FOR MELTING AND FRACTIONATION OF KILAUEA AND
MAUNA LOA MAGMAS A possible cross section through Kilauea and Mauna Loa is shown at true vertical and horizontal scale in figure 13 . The zone of original melting is assumed to be at a depth of at least 60 km (below the deepest recorded earthquakes beneath Kilauea) corresponding to pressures in excess of 20 kb. The amount of melting needed to produce an initial picritic tholeiitic magma with 25 percent MgO is considered to be about 50 percent (see Jackson and Wright, 1970) in order to restrict the range of depth to which the mantle is melted.
There is strong evidence for the existence of an intermediate reservoir in the uppermost mantle, a staging area from which magma is efficiently supplied the 3-km-deep, reservoir. The evidence is contained in the observation that Halemaumau (summit) eruptions are accompanied by only a small collapse of the summit (see for example Kinoshita and others, 1969) , implying that magma is resupplied at virtually the same rate as it is erupted (at least 0.3X 106m3/day for the 1967-68 eruption).
Thus geophysical observation and the chemical petrology lead me to suggest the following model shown in figure 13 . A section through Mauna Loa cannot be specified as closely because there are few geophysical data. The chemistry of the eruptions suggests that there has been relatively little high-pressure fractionation of pyroxenes but significant low-pressure movement of olivine, pyroxene, and plagioclase phenocrysts.
The model of figure 13 is very much like that proposed by O'Hara (1968, p. 95 ) for derivation of quartz-normative tholeiitic magmas. The model implies that the unmelted part of the upper mantle as well as the lower crust contains excess olivine precipitated from rising picritic magmas. The Kilauea model would imply accumulation of pyroxene as well.
The model proposed here differs in the following respects from that proposed by Murata (1970) 
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